Introduction {#S0001}
============

Spontaneous intracerebral hemorrhage (ICH) refers to primary non-traumatic intracerebral hemorrhage, which accounts for approximately 15% of stroke.[@CIT0001] It is a common clinical neurological disease with high incidence, high disability rate and high mortality, and seriously threatens human health.[@CIT0002],[@CIT0003] Cerebral hemorrhage-induced neuronal apoptosis and secondary cerebral edema play an important role in neurological impairment.[@CIT0004] However, the pathophysiological mechanism of ICH has not been fully elucidated.

Previously, many researches have studied the neuroprotective effects and made major breakthroughs. For instance, Laabich et al have found that AIP acts as a neuroprotective agent against N-methyl-D-aspartate-induced retinal neuronal cell death.[@CIT0005] Also, the estrogen receptor selective modulator tamoxifen citrate has been confirmed to have neuroprotective effects in an acute cerebral ischemia model.[@CIT0006] Moreover, erythropoietin has neuroprotective effects on immature cerebral oxygen-induced cell death.[@CIT0007] Multiple pathways have also been found to play an important role in neuroprotection. Estradiol preconditioning could promote dopamine neuron survival by activating ER-α and increasing Akt and GSK3-β phosphorylation.[@CIT0008] Besides, naringenin could play a neuroprotective role in stroke rats by suppressing the NF-κB signaling pathway.[@CIT0009]

Recently, many scholars have found that heme oxygenase-1 (HO-1) has neuroprotective effects.[@CIT0010]--[@CIT0012] However, the mechanism of HO-1 and related pathways in cerebral hemorrhage have not been thoroughly studied. Therefore, we constructed the rat model ICH. The expression of HO-1 in the cerebral hemorrhage model was studied, and the related mechanisms of protein, pathway and neurological function were studied by inhibiting HO-1 expression.

Materials and methods {#S0002}
=====================

Regents {#S0002-S2001}
-------

DMSO and ZnPP regents were purchased from Sigma Aldrich (St. Louis, MO, USA). Trizol reagent was purchased from Invitrogen (Thermo Fisher ScientificWaltham, MA, USA) and PCR kit was also purchased from Thermo Fisher Scientific. Hematoxylin and eosin (HE) staining kit, EB kit, DAB kit and BCA Protein Assay Kit were purchased from Beyotime Biotechnology (Shanghai, China).

### Experimental design and groups {#S0002-S2001-S3001}

A total of 45 adult male Sprague Dawley rats (about 260 g) were purchased from Beijing Weitong Lihua Experimental Animal Technology Co, Ltd. Rats were placed at 23±1°C with lights on from 6:00 to 18:00.[@CIT0013] The rats were separated into a sham group, a model group (DMSO group) and an HO-1 inhibitor group (ZnPP group) with 15 rats in each group. All animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals, and all experiments were approved and performed according to the guidelines of the Ethics Committee of the Affiliated Yantai Yuhuangding Hospital of Qingdao University.

### ICH models {#S0002-S2001-S3002}

Rats were anesthetized with pentobarbital (40 mg/kg). All operations were carried out under aseptic conditions. Rats were placed in a stereotactic frame (Kopf Instruments, Tujunga, CA, USA). A stereotactically guided needle was placed into the right basal ganglia (3.5 mm beside to bregma, depth 5.5 mm below the surface to midline). Then 100 μL of fresh autologous non-heparinized arterial blood was infused (10 μL/min) using a microsyringe pump. After completing the injection, the needle was removed. The burr hole was sealed with bone wax and the scalp wound was sutured.[@CIT0014]

A sustained release pump was placed in the abdominal cavity of each rat after successful ICH modeling. A slow-release pump with 2 ml DMSO solution containing ZnPP (0.01 mg/kg) was used in the HO-1 inhibitor group. A slow-release pump with 2 ml of DMSO solution was used in the model group. Similar surgical procedures were processed for sham-operated animals (sham group) except that no blood was injected.

qRT-PCR assay for the expression of HO-1 {#S0002-S2002}
----------------------------------------

The expression level of HO-1 was examined by qRT-PCR. The brief process was introduced as follows. The brain tissue was rapidly ground in liquid nitrogen, then trizol reagent was added. Then, the sample was transferred to the EP tube, and total RNA was extracted. The RNA concentration was measured and adjusted. The cDNA was obtained by reverse transcription. The quantitative PCR program was started at 95°C for 5 mins, and the amplification procedure was 95°C for 15 seconds, 60°C for 15 seconds, and 72°C for 50 seconds for a total of 40 cycles. Glycerol phosphate dehydrogenase (GAPDH) was used as an internal reference. The primers were as follows: HO-1, (upstream) 5ʹ-CACGGCCATGACCACTTTC-3ʹ, (downstream) 5ʹ-GGAACAGAGTGGCTCCAACAA-3ʹ; GAPDH, (upstream) 5ʹ-CCTGCAAATGAGCCCCAGCCTTC-3ʹ, (downstream) 5ʹ-TGCTGGCGCTGATACGTCGT-3ʹ.[@CIT0015]

### Neurological score {#S0002-S2002-S3001}

After awakening, the symptoms of neurological deficits, including emotion, cognition and movement were observed in the ischemic animal models. Postoperative functional deficits were scored according to the Longa 5-point scale ([Table 1](#T0001){ref-type="table"}). The model with more than 1 point was regarded to be successfully built.[@CIT0016]Table 1Criteria for functional defects after surgeryScoreScoring standard0No obvious neurological symptoms1Cannot fully extend the left forelimb2Rotate to the left3Dump to the left while walking4Cannot walk on their own, consciously

### Pathological observation of brain tissue {#S0002-S2002-S3002}

The rats were anesthetized and underwent intracardiac perfusion with 4% paraformaldehyde in physiological saline. The brain was taken out and fixed in 4% paraformaldehyde, dehydrated, permeabilized, and encased in paraffin. The brains were then placed in OCT embedding compound and 2--4 mm thick sections were obtained on a cryostat. Then the sections were stained with hematoxylin and eosin (HE) and observed under the microscope.[@CIT0017]

### Determination of Evans blue (EB) content in brain tissue {#S0002-S2002-S3003}

One hour before sacrifice, 2% EB (4 mL/kg) was injected into the femoral vein. Then normal saline was rapidly perfused from the left ventricle to the right atrium until the effluent clarifies. Finally, right nucleus accumbens and the caudate nucleus brain tissue after decapitation were collected.

After weighing, brain tissue was placed in 50% trichloroacetic acid solution for homogenization. The solution was centrifuged, and then 1 mL supernatant was taken and mixed with 3 mL absolute ethanol. Fluorescence values were measured by a fluorescence spectrophotometer with an excitation wavelength of 620 nm and emission wavelength of 680 nm. The content of EB in brain tissue was measured by EB Standard to detect the permeability of the blood-brain barrier at 72 hours after surgery.[@CIT0018]

### Evaluation of brain edema {#S0002-S2002-S3004}

Brain water content was evaluated at 72 hours after ICH. After weighing the wet weight, the tissue was dried for 24 hours at 90°C. The weight of brain tissue was immediately reweighed by analytical balance to yield the dry weight. The percentage of brain water content was calculated using the following formula: %H~2~O =(1- dry weight/wet weight) ×100%.

### Determination of superoxide dismutase (SOD) and MDA content in brain tissue {#S0002-S2002-S3005}

All rats were killed by decapitation and the whole brain was removed quickly. The cerebral cortex was taken, and 10% cerebral cortex homogenate was prepared with physiological saline, and the supernatant was taken after centrifugation. Absorbance values of cerebral cortex supernatants were measured using UV-1700 UV-Vis spectrophotometer at 550 nm. SOD vitality was detected by the xanthine oxidase method. Then SOD activity in the tissue was calculated. The absorbance values of the cerebral cortex supernatant were measured at 532 nm. Malondialdehyde (MDA) content was determined by thiobarbituric acid method.[@CIT0020]

### Terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) assay {#S0002-S2002-S3006}

Rats were anesthetized by intraperitoneal injection with 10% chloral hydrate (300 mg/kg). They were washed twice with saline and fixed with cardiac perfusion with 4% paraformaldehyde.[@CIT0021] Paraffin sections of brain tissue were made and washed twice with saline. The labeling solution were added to the sections and incubated at 37°C for 2 hours. Slices were washed twice with saline. Then biotin was added and incubated for 30 minutes. Slices were colored in DAB solution and observed under a microscope. Six high-power fields were selected for each section (400×).

### The expression of Bcl-2 and BAX was detected by immunohistochemistry {#S0002-S2002-S3007}

After successful modeling, the rats were deeply anesthetized with pentobarbital (40 mg/kg, ip) and rapidly perfused with stroke-physiological saline solution and 4% paraformaldehyde. After being cut, the brain tissue was immersed in a neutral formaldehyde solution. Then, they were blocked in a saline solution containing 5% normal goat serum. The membranes were incubated with Bax antibody, Bcl-2 antibody (purchased in Fuzhou Maixin Biotech Co., Ltd, all diluted 1:100) at 4°C overnight. After that, the membranes were incubated with ready-to-use rapid immunohistochemistry MaxVisionTM secondary antibody (Fuzhou Maixin Biotech Co., Ltd). Positive cells were observed and counted using grid counting.[@CIT0022]

### Western blot {#S0002-S2002-S3008}

Brain tissue was lysed in ice-cold cell lysis solution and the homogenate was centrifuged at 4°C for 15 mins. After quantifying by BCA protein assay kit (Shanghai Biyuntian Bioengineering Co., Ltd.), the concentration of total protein was adjusted to 30 μg/μL. The protein was separated by SDS-PAGE, and then transferred onto PVDF membranes. The membranes were incubated with p-PI3K (Santa Cruz Biotechnology Co., Ltd, Dallas, TX, USA), p-AKT (Santa Cruz Biotechnology Co., Ltd.), PI3K (Bioworld) and AKT (Bioworld), respectively, at 4°C overnight. After that, the membranes were incubated with alkaline phosphatase-labeled goat anti-rabbit IgG secondary antibody (Beijing Zhongshang Jinqiao Biotechnology Co., Ltd) at room temperature for 1 hour. β-actin was used as an internal reference. The protein was visualized with an imager.[@CIT0023]

Statistical analysis {#S0002-S2003}
--------------------

All experiments were repeated three times. All experimental data were processed with SPSS 21.0 (IBM Corporation, Armonk, NY, USA). Data representation of mean values ± standard deviation was used in this study. The comparison of data between the two groups was carried out by Kruskal-Wallis test, while one-way ANOVA was used to analyze the difference among multiple groups. When the *P*-value was less than 0.05, the result was considered as statistically different.

Results {#S0003}
=======

Successful establishment of the ICH mode and expression of HO-1 {#S0003-S2001}
---------------------------------------------------------------

The pathological morphology results showed that the nerve cells were in a regular pattern with the same size, the nucleus of nerve cells was observed clearly, and cell swelling was not observed in the sham group. In the model group, the hemorrhagic area and peripheral nerve cells were obviously swollen and deformed, cells were autolysis and necrosis with vacuole, the nucleus was pyknotic and the nucleolus disappeared. There was a lot of red blood cell exudation in the interstitial, and the tissue structure was loosening. Compared with the model group, the bleeding in the ZnPP group was more serious, the edema and deformation of the cells were aggravated. The membrane and nucleus had become more blurred. The number of red blood cells bleeding was increased and the organizational structure was more uneven ([Figure 1A](#F0001){ref-type="fig"}).Figure 1Pathological morphology of rat brain tissue (×400) and expression of HO-1. (**A**) Pathological morphology of rat brain tissue; (**B**) Expression of HO-1, \**p*\<0.05, compared with the sham group. ^\#^*p*\<0.05, compared with the model group.

As shown in [Figure 1B](#F0001){ref-type="fig"}, the expression of HO-1 was significantly lower after surgery. In addition, compared with the model group, the level of HO-1 was decreased in the Znpp group. We inferred that there were inhibitory effects of ZnPP against HO-1 in the injured brain tissues.

Inhibition of HO-1 aggravated neuronal damage, the content of EB and brain water {#S0003-S2002}
--------------------------------------------------------------------------------

After surgery, the neural function was judged according to the Longa5 criteria. Rats in sham group had no symptoms of neurological deficit, while in model group and ZnPP group had different degrees of neurological defects. Compared with the model group, the neurological deficit scores of the ZnPP group were significantly increased (*P*\<0.05, [Figure 2A](#F0002){ref-type="fig"}). The results indicated that neuronal damage was aggravated after cerebral hemorrhage in rats after HO-1 inhibition, and HO-1 might play a neuroprotective role in cerebral ischemia rats.Figure 2Comparison of neurological deficit scores in each group and Evans blue and brain water content. (**A**) Neurological deficit scores; (**B**) Evans blue content; (**C**) Brain water content. \**p*\<0.05, compared with the sham group. ^\#^*p*\<0.05, compared with the model group.

Compared with the sham group (4.07±0.65 μg), the content of EB in the model group (14.29±1.65 μg) and ZnPP group (26.70±1.58 μg) was significantly increased (all *P*\<0.05, [Figure 2B](#F0002){ref-type="fig"}). In addition, the content of EB in the ZnPP group was higher than that in the model group (*P*\<0.05). Compared with the sham operation group (67.49±2.59%), the brain water content in the model group (72.42±3.73%)and ZnPP group (77.63±2.65%) was significantly higher (*P*\<0.05). The brain water content of the ZnPP group was significantly higher than that of the model group (*P*\<0.05, [Figure 2C](#F0002){ref-type="fig"}). This result indicated that the inhibition of HO-1 affected the blood-brain barrier permeability and brain tissue water content of rat brain tissue.

Inhibition of HO-1 increased SOD activity and decreased MDA content {#S0003-S2003}
-------------------------------------------------------------------

As shown in [Figure 3](#F0003){ref-type="fig"}, the SOD activity in the brain tissue of the model group was significantly decreased, while MDA content was significantly increased (*P*\<0.05). Compared with the model group, the SOD activity was significantly decreased, while MDA content was significantly increased in ZnPP group (*P*\<0.05).Figure 3Effect of HO-1 inhibition on SOD and MDA levels in rats with cerebral hemorrhage (**A**) SOD; (**B**) MDA. \**p*\<0.05, compared with the sham group. ^\#^*p*\<0.05, compared with the model group.

Inhibition of HO-1 increased neuronal apoptosis after cerebral hemorrhage {#S0003-S2004}
-------------------------------------------------------------------------

At 48 hours after operation, the apoptosis of neuronal cells was detected by TUNEL. Sporadic, sporadic and few TUNEL positive cells were found in the brain tissue of the sham group. The number of apoptotic cells in the model group and ZnPP group were significantly increased. Compared with the model group, the number of apoptotic cells in the ZnPP group was significantly increased ([Figure 4](#F0004){ref-type="fig"}).Figure 4Changes of neuronal apoptosis in brain tissue of rats. \**p*\<0.05, compared with the sham group. ^\#^*p*\<0.05, compared with the model group. The positive cells were stained brown.

Bcl-2 and BAX were slightly expressed in the sham group, but the bcl-2/BAX ratio was always close to 1. Compared with this group, the expression levels of Bcl-2 and BAX in the model group were significantly increased (*P*\<0.05). Compared with the model group, the positive expression of Bcl-2 in the ZnPP group was significantly decreased (*P*\<0.05), while the expression of BAX was significantly increased (*P*\<0.05), and the Bcl-2/BAX ratio was much less than 1 ([Figure 5](#F0005){ref-type="fig"}). The results further indicated that inhibition of HO-1 increased apoptosis in brain tissue of rats with cerebral hemorrhage.Figure 5The expression of Bcl-2 and BAX protein in rat brain tissue (×400). (\**p*\<0.05 when compared with the sham group. ^\#^*p*\<0.05 when compared with the model group.). The positive cells were stained brown.

Inhibition of HO-1 decreased the expression of PI3K, p-PI3k {#S0003-S2005}
-----------------------------------------------------------

The protein expression level of PI3K, AKT, p-PI3K and p-AKT were detected at 72 hours after surgery. Compared with the sham group, there was no significant change in the protein expression level of PI3K and AKT in the model and ZnPP groups, while the protein expression level of p-PI3K and p-AKT decreased significantly (*P*\<0.05). Compared with the model group, there was no significant change in the protein content of PI3K and AKT in the ZnPP group, while the protein expression level of p-PI3K and p-AKT decreased significantly (*P*\<0.05, [Figure 6](#F0006){ref-type="fig"}). All of these suggested that HO-1 could alleviate neuronal damage after cerebral hemorrhage by regulating the PI3K/AKT signaling pathway.Figure 6The expression of PI3K, AKT, p-PI3K and p-AKT protein in rat brain tissue. \**p*\<0.05, compared with the sham group. ^\#^*p*\<0.05, compared with the model group.

Discussion {#S0004}
==========

HO-1 is an inducible low molecular weight stress protein that provides cellular and tissue protection in a variety of injury and disease models[@CIT0019] In this study, the rat ICH model was constructed successfully. After inhibiting HO-1, the bleeding was more serious, the cell edema and deformation were aggravated, and the neurological deficit score in the rat was significantly increased. In addition, the expression of p-PI3K and p-AKT was decreased. Therefore, we speculated that HO-1 might have neuroprotective effects on rats with cerebral hemorrhage by regulating the PI3K/AKT signaling pathway.

As shown in a previous study, heme oxygenase (HO) has neuroprotective effects on oxidative stress in HT22 cells transfected with HO-1 siRNA.[@CIT0011] Nrf2/HO-1 could mediate neuroprotective effects of mangiferin on early brain injury after subarachnoid hemorrhage by attenuating mitochondria-associated apoptosis and neuroinflammation.[@CIT0010] Some scholars also have found that D163/HO-1 positive microglia and invasive macrophages show anti-inflammatory and neuroprotective phenotype after traumatic brain injury.[@CIT0024] Moreover, it has been confirmed that the neuroprotective effect of melatonin on ischemia is partly caused by α-7 nicotinic receptor regulation and HO-1 overexpression.[@CIT0025] Similarly, the neuroprotective effect of Acanthopanax senticosus is caused by HO-1 signaling in hippocampus and microglia.[@CIT0026] Interestingly, ischemia-induced upregulation of heme oxygenase-1 protects against apoptotic cell death and tissue necrosis.[@CIT0027] Moreover, ischemia-induced upregulation of heme oxygenase (HO)-1 is also critical for protecting critical perfusion flaps from apoptotic cell death and tissue necrosis.[@CIT0028] In addition, the cytoprotective effect of HO-1 is found after silencing HO-1 by siRNA.[@CIT0029] After inhibiting HO-1, the expression of BAX was significantly increased, while the expression of Bcl-2 was significantly decreased. The results further indicated that inhibition of HO-1 increased apoptosis in brain tissue of rats with cerebral hemorrhage.

Our study also found that HO-1 was involved in PI3K/AKT signaling pathway. Several articles have reported the relationship between HO-1 and PI3K/AKT signaling pathways. For instance, Feng et al[@CIT0030] have demonstrated that the PI3K/Akt and ERK pathways are involved in OA-induced HO-1 expression by activating Nrf2 in VSMC.[@CIT0030] Besides, the brain-protected part of sevoflurane post-treatment is confirmed to up-regulate the expression of HIF-1α and HO-1 via the PI3K/Akt pathway.[@CIT0031] Moreover, baicalein protects 6-OHDA-induced neurotoxicity by activating Keap1/Nrf2/HO-1 and participating in PKCα and PI3K/AKT signaling pathways.[@CIT0032] It is well known, the PI3K/Akt pathway has been shown to be involved in the process of degradation of extracellular matrices and chondrocyte death.[@CIT0033] Moreover, hypoxia confers protection against apoptosis through the PI3K/Akt pathway in endothelial progenitor cells.[@CIT0034] Also, Tibes et al^35^ have confirmed that the PI3K/Akt pathway plays an important role in acute myeloid leukemia.[@CIT0035] As one of the signal pathways for cell survival, PI3K/Akt signal transduction pathway plays an important role in cell proliferation, differentiation and inhibition of neuronal apoptosis.[@CIT0036] Thereby, HO-1 may protect the nerves of rats with cerebral hemorrhage by regulating PI3K/AKT signaling pathway.

By inhibiting the expression of HO-1, brain water content in cerebral ischemia rats was increased, SOD activity was down-regulated and MAD content was up-regulated in this study. The structure of the blood-brain barrier can make brain tissue less susceptible to or even harmful to harmful substances in circulating blood.[@CIT0037] Therefore, it could maintain the basic stability of the brain tissue environment, which has important biological significance for maintaining the normal physiological state of the central nervous system.[@CIT0038] SOD and MDA are important indicators for measuring oxidative damage in brain tissue.[@CIT0039] The main function of SOD is disproportionation of oxygen free radicals.[@CIT0040] The activity could reflect the body's ability to scavenge oxygen free radicals.[@CIT0041] The free radicals attack the unsaturated lipids in the membrane to produce lipid peroxidation products MDA, which could reflect the degree of damage to the body caused by free radicals in the body.[@CIT0042]

However, there were some limitations in this study. No special region of brain was researched. In the future, this will be our main research direction.

Conclusion {#S0005}
==========

HO-1 can play a neuroprotective role by regulating PI3K/AKT signaling pathway and reducing apoptosis in rats with cerebral hemorrhage. It might provide a new target for protecting the nerves of patients with cerebral hemorrhage.
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